We compared the anti-diabetic effects of mitochondrial uncoupler Niclosamide Ethanolamine (NEN) and the first-line drug metformin, and examined potential combinatory effect or drugdrug interaction between the two compounds in mouse models. We treated the High-Fat Diet (HFD)-induced diabetic and the db/db mice with NEN (~200 mg/kg.day), metformin (~75 mg/ kg.day), or the two compounds together through oral administration, and monitored the exposure of the two compounds and effect on improving diabetic conditions. At the dosages tested in the present study, the co-treatment leads to plasma and liver exposures of NEN and metformin that are similar to treatment with each drug alone. In both animal models, NEN alone is more effective than metformin alone in reducing blood glucose. The co-treatment is significantly better than metformin alone in lowering blood glucose. NEN treatment alone is effective in reducing hepatic lipid accumulation, while metformin treatment does not. Moreover, the co-treatment appears to have a better effect in reducing hepatic steatosis and liver damage than NEN treatment alone. Our data support that NEN and metformin co-treatment does not compromise the hypoglycemic effect of metformin, and the co-treatment may have additional benefit of improving hepatic steatosis.
Introduction
Type 2 diabetes has become one of the most challenging health problems in the United States and around the world [1, 2] . Currently, metformin is the first-line drug for treating type 2 diabetes. The function of metformin has been attributed to its suppression of hepatic gluconeogenesis, though the underlying mechanism remains unclear. It was initially believed that metformin is a mitochondrial respiratory chain complex I inhibitor, through which metformin indirectly inhibits hepatic gluconeogenesis [3, 4] . Later studies support that metformin activates AMP-Activated Protein Kinase (AMPK) and leads to reduction of gluconeogenic gene transcription [5] [6] [7] . More recently, metformin is found to inhibit the mitochondrial glycerophosphate dehydrogenase directly, thereby reduces conversion of lactate and glycerol to glucose and results in decrease in hepatic gluconeogenesis [8] .
Although metformin is effective in lowering blood glucose without posing a risk of hypoglycemia, patients often become refractory to the therapy [9] . We have recently demonstrated that niclosamide (5-chloro-salicyl-(2-chloro-4-nitro) anilide) ethanolamine (NEN), which induces mild mitochondrial respiration uncoupling, can effectively improve hepatic insulin sensitivity and decrease blood glucose in diabetic mouse models [10] . Niclosamide is an anthelmintic drug approved by the US Food and Drug Administration (FDA) for treating intestinal infection of tapeworms [11, 12] and NEN has an excellent safety profile in mammalian animals [13, 14] . Given the excellent safety profile, NEN and the mechanism of action NEN may represent a promising novel therapeutic strategy for treating insulin resistance and type 2 diabetes. In our previous study, we have demonstrated that NEN reduces insulin resistance in diabetic mice by stim-. 02 .
ulating oxidation of fatty acid and reducing hepatic lipid accumulation, which represent a different mechanism of action from that of metformin. As metformin is the first line medication for treating type 2 diabetes, in the present study, we examined the efficacy of a combinatory treatment with NEN and metformin in treating type 2 diabetes in mouse models, and determined if NEN might interfere with the action of metformin.
Materials and Methods

Reagents and materials
Niclosamide ethanolamine salt (NEN, niclosamide 5-chlorosalicyl-(2-chloro-4-nitro) anilide 2-aminoethanol salt) from 2A PharmaChem (Lisle, IL); Metformin hydrochloride from BOC Sciences (Shirley, NY); Insulin (Humulin-R Insulin U-100) from Eli Lilly (Indianapolis, IN).
Animals and treatments
Diet-Induced Obesity (DIO) C57BL/6J mice (Stock# 380050) and db/db mice (BKS.Cg-Dock7 m +/+ Lepr db /J, Stock# 000642) were from the Jackson Laboratory (Bar Harbor, ME). Experimental protocols were approved by the Institutional Animal Care and Use Committees (IACUC) at the Rutgers University. For the DIO C57BL/6J mice, 6-week old animals were fed on high-fat diet (HFD, 60% fat calorie) for three months to induce obesity and diabetes. The mice were then either maintained on HFD, or switched to HFD containing 2,000 p.p.m. NEN, or HFD and 75 mg/kg.day metformin in drinking water, or HFD containing NEN and metformin in drinking water. For the db/db mice, 5-week old animals were fed on either normal rodent diet AIN-93M, or AIN-93M diet containing 2,000 p.p.m. NEN, or AIN-93M and 75 mg/kg.day metformin in drinking water, or AIN-93M containing NEN and metformin in drinking water. Mouse water intake, food intake and body weight were monitored every week. The NEN dose is around 200 mg/kg.day according to the average food intake and body weight; the concentration of metformin was adjusted by the amount of average daily water intake and body weight to make sure the dose of metformin as indicated in the experiments. All the mouse diets are prepared by the Research Diet, Inc. (New Brunswick, NJ).
Analyses of plasma and hepatic NEN and metformin
Plasma and hepatic NEN and metformin levels were determined using LC/MS/MS method by WuXi Apptech, Inc. (Plainsboro, NJ) using method previously described with minor modification [15] .
Briefly, NEN was mixed into the diet and metformin was dissolved into the drinking water, the concentrations were determined by the daily food and water intake per mouse. The mice were treated for 2 weeks to let the animals completely accommodated to the diet and drinking water.
Blood samples were collected through a nick on lateral tail vein at indicated time points, and 10 µl plasma was mixed with 2 µl methanol and 200 µl of 200 ng·ml -1 internal standard in acetonitrile, kept at -20 0 C for 30 min, 10 µl of supernatant after vortex and centrifuge subjected to LC/MS/MS analyses.
For tissue distribution studies, 100 mg of liver tissue was homogenized with 5X volume of water (500 µl), 50 µl of the homogenate was mixed with 5 µl methanol and 300 µl of 200 ng·ml -1 internal standard in acetonitrile, kept at -20 0 C for 30 minutes, and then vortex for 1 min and centrifuge at 12,000 g for 15 min. 10 µl of supernatant was subjected to LC/MS/MS analyses.
Blood glucose, insulin sensitivity assay and plasma insulin assay
The mice for measuring blood glucose were fast overnight and then blood glucose concentrations were determined using the OneTouch UltraSmart blood glucose monitoring system (Lifescan).
For measuring plasma insulin, the mice were fasted for 5-6 h. The insulin concentrations in the plasma samples were analyzed by the US National Mouse Metabolic Phenotyping Center (MMPC) at University of California, Davis (UC Davis).
For insulin sensitivity assay, the mice were first fasted for 5-6 h, and then intraperitoneally injected with insulin at a dose of 0.75 unit·kg -1 ofbody weight. The blood glucose concentrations were then measured at time points 0, 15, 30, 60, 90, and 120 min after the insulin injection.
Mouse liver histological analyses and lipid profile analyses
For liver histological studies, mouse liver tissues were fixed with neutral buffered formalin 10% (Surgipath Medical Industries, Inc.) and embedded in paraffin. Tissue sections were prepared and stained with Hematoxylin and Eosin (H&E). The liver tissues conserved by flash freezing in liquid nitrogen were used for hepatic total TriGlycerides (TG) and Total Cholesterol (TC) determination (MMPC at UC Davis).
Statistical analysis
Statistical significance (p) was determined by one-way ANOVA, or Student's t test. All error bars represent s.d.; Data are presented as means ± s.d. and statistical significances are denoted as indicated.
Results
Determining plasma and hepatic NEN and metformin levels in mice
We first compared the exposure of NEN and metformin in mice . 03 . treated with NEN alone, metformin alone, and NEN plus metformin. 3 groups of C57BL/6J mice were treated orally with NEN alone (~200 mg/kg.day, mixed with diet), metformin alone (~75 mg/kg.day, dissolved in drinking water), or NEN plus metformin for 2 weeks. The concentrations of each drug in plasma and liver of the treated mice were then analyzed under fed condition. The mice had free access to diet and drinking water in all day time. We collected plasma and liver samples at different time points (9:00 p.m., 9:00 a.m., 12:00 p.m., 15:00 p.m., and 18:00 p.m.) to determine the fluctuation of drug concentrations during a whole-day cycle. Our result showed that the levels of NEN and metformin in plasma and liver do not fluctuate significantly over a period of 24 hours when mice had been accommodated to the diet and water (data not shown). In mice treated with NEN alone, we detected an average of 283 ng/ml NEN in plasma were measured. In all three treatment groups, the fasting blood glucose levels were significantly reduced as compared to that of control mice. As shown in figure 2a , the blood glucose levels were decreased from an average of 132 mg/dl to 94 mg/dl (reduction of 28.8%) in NEN group, from an average of 130 mg/ dl to 114 mg/dl (reduction of 12.3%) in MET group, and from an average of 127 mg/dl to 81 mg/dl (reduction of 36.2%) in the combinatory treatment group. At the dosage tested in this study, the combinatory treatment led to a more dramatic blood glucose decrease, which are significantly lower compared to the treatment with MET alone group, but not significant compared to the treatment with NEN alone group. Therefore, it seems that NEN and MET do not have synergistic effect in terms of lowering blood glucose, nor do they interfere with each other. ( Figure 1a ) and an average of 180 ng/g NEN in liver ( Figure  1c) . In mice treated with metformin alone, we detected an average of 839 ng/ml metformin in plasma (Figure 1b) , which is within the same range of the documented steady-state metformin plasma concentrations in human patients [16] . The average hepatic metformin level was 2,964±954 ng/g (Figure 1d ). In mice treated with both drugs, we detected the average concentration of NEN at 335±175 ng/ml in plasma (Figure 1a ) and 220±176 ng/g in liver ( Figure 1c) ; and the average levels of metformin are 1,198±540 ng/ml in blood ( Figure 1b ) and 2,523±985 ng/g in liver (Figure 1d ). No significant difference in the plasma or hepatic concentration was observed for either drug between mice treated with either drug alone and mice treated with both drugs. We concluded that exposure of NEN (or metformin) is not affected by the co-administration with metformin (or NEN).
Effect of NEN and metformin in reducing blood glucose and improving insulin sensitivity in HFD-induced diabetic mice
We then compared the glucose lowering effect of NEN and metformin in HFD-induced diabetic mice. Starting at 6-week of age, 32 male C57BL/6J mice were fed on HFD for 3 months to induce insulin resistance and hyperglycemia. The mice were then randomized into 4 groups and fed HFD only (Control group), HFD containing NEN (~200 mg/kg.day, NEN group), HFD containing metformin (~75 mg/kg.day, MET group), or HFD containing NEN and metformin (NEN+MET group), respectively. After 2 weeks of treatment, the blood glucose levels in the mice . 04 .
We further examined insulin sensitivity and plasma insulin levels in the mice. The mice in control and MET groups exhibited higher plasma insulin levels than those in NEN or combinatory treatment groups (Figure 2b) , reflecting a compensatory increase of insulin secretion in response to insulin resistance. Consistently, the mice in NEN and combinatory treatment groups exhibited improved insulin sensitivity compared to the mice in the control group in insulin tolerance assay, while the mice in MET group showed a similar level of insulin sensitivity as the control mice (Figure 2c ). These data suggested at the dosages of NEN and metformin used in this study, NEN treatment significantly improved the insulin sensitivity of the diabetic mice, while metformin did not. HFD feeding caused body weight increase in the control mice. NEN treatment significantly slowed down the increase of body weight, which can also be found in the combinatory treatment group but not in the metformin treatment group (Figure 2d) . NEN treatment slightly increased mouse food intake, but was not significant compared to the other three groups (Figure 2e ).
Figure 2:
Effect of NEN and metformin on glycemic control and insulin sensitivity in HFD-induced diabetic mice. 5-week-old mice were fed on HFD for 3 months, and then either continued to feed on HFD (Control), or switched to HFD containing NEN (NEN), HFD and Metformin (MET), or HFD plus NEN and metformin (NEN+MET) for another 6 weeks. (a) Fast blood glucose before and after 2 weeks of drug treatment, (b) plasma insulin and (c) insulin sensitivity assay at 4 weeks of drug treatment, (d) body weight measured before and after 5 weeks of drug treatment, and (e) daily food intake. n = 8. * P < 0.05, ** P < 0.01, and *** P < 0.001 versus Control; # P < 0.05, ## P < 0.01, ### P < 0.001 versus MET.
Effects of NEN and metformin in controlling hepatic steatosis and liver damage in mice
We had previously demonstrated that NEN improves insulin sensitivity in diabetic mice through depletion of ectopic lipid accumulation in mouse liver. Here we examined the hepatic content of lipid accumulation in the mice to compare with the effect of metformin or the combinatory treatment. After fed HFD for 3 months, mice developed severe hepatic steatosis, as shown by liver weight measurement, and by histological analyses and lipid content quantification in the control mice (Figure3a-d) . NEN treatment dramatically reduced liver weight (Figure 3a ) and triglyceride accumulation in liver (Figure 3b and d) , even though the mice were continuously fed HFD. The levels of lipid accumulation in liver in mice of the combinatory treatment group tended to be even lower when compared to those in mice treated with NEN alone (Figure 3b-d) . However, treatment with metformin alone did not have any effect in reducing liver fat accumulation.
Hepatic steatosis may cause liver damage leading to inflammation and scarring in liver. Plasma Alanine Aminotransferase (ALT) and Aspartate Aminotransferase (AST) levels are usually elevated along with development of hepatic steatosis, indicating certain degree of liver damage. To investigate whether the depletion of hepatic lipid accumulation induced by NEN can protect the liver, we analyzed plasma ALT and AST levels in the mice. Consistently, we found an average ALT level at 175.8 U/L (Figure 3e) and an average AST level at 107.8 U/L (Figure 3f ) in the control mice after long term HFD feeding. We found that at the . 05 . testing dosage, metformin treatment marginally reduced the average ALT and AST levels to 112.5 U/L (p= 0.06) and 71.2 U/L (p = 0.05), while NEN treatment significantly reduced the average ALT level to 76.8 U/L and the average AST level to 60.6 U/L (p ˂ 0.01 for both, compared to the controls). And the combinatory treatment caused a more dramatic reduction in plasma ALT and AST levels to 62.7 U/L (p ˂ 0.01) and 47.7 U/L (p ˂ 0.005), which are almost comparable to the levels of healthy mice [17] . 
Effect of NEN and metformin in db/db mice
We further examined the anti-diabetic effect of NEN and metformin in the db/db mice, a classic genetic model of type 2 diabetes. The db/db mice develop severe hyperglycemic symptoms within 8 weeks of age, as a result of a genetic mutation in the leptin receptor gene. At the age of 5 weeks, we randomized db/ db mice into four groups, and fed them standard mouse diet, or treated with NEN, metformin, or NEN and metformin respectively using the same dosages as described earlier. After threeweek treatment, the fasting blood glucose levels were measured. Compared to high blood glucose (313.3 mg/dl) in the control mice, the NEN-treated mice exhibited a significantly lower average blood glucose level (159.1 mg/dl) (Figure 4a ). The average blood glucose level was also lower in metformin treated mice (207.1 mg/dl), and in the combinatory treatment mice (184.9 mg/dl) (Figure 4a ). Consistent with our previous report, plasma insulin concentrations declined rapidly in the db/db mice as the disease progressed [10] : in young db/db mouse the plasma insulin levels were usually higher than 5 ng/ml, and it dropped to around 2 ng/ml within the 4-week time of experiment in the control mice. The course of plasma insulin decline was slowed down significantly in the three drug-treated groups of mice (Figure 4b) . Additionally, we measured blood lactate concentrations in the mice. Metformin treatment has been associated with an important adverse effect, the lactic acidosis [18] . By promoting the oxidation of pyruvate, NEN treatment reduced blood lactate concentration [10] . As shown in figure 4c , the NEN-treated mice exhibited lower levels of blood lactate as compared to the control or MET-treated mice; and the combinatory treatment also led to lower blood lactate levels when compared to the MET-treated mice. Therefore, a combinatory application of NEN and metformin may elicit beneficial effect by reducing the adverse effect of metformin on lactate production.
We further investigated the hepatic lipid accumulation in the db/ db mice. Both liver weight measurement and histological analyses showed that a massive steatosis was developed in the liver of the control and MET groups of mice, whereas a lower liver mass and fewer lipid droplets were identified in the liver sections of mice under NEN and the combinatory treatment ( Figure  4d and e), though the difference was not statistically significant . 06 . difference in food intake between the control and the treatment groups of mice (Figure 4h) . The average body weight in all the groups showed no difference as well (Figure 4g ). in quantification of the triglycerides content (data not shown). However, the hepatic cholesterol levels in the mice treated with NEN alone or combinatory treatment were significantly lower than control group (Figure 4f) . Again, there was no significant 
Discussion
Insulin resistance, which is closely associated with obesity and ectopic accumulation of fat in liver and muscles, precedes the development of type 2 diabetes [19, 20] . Mild futile energy consumption induced by safe mitochondrial uncoupler, such as NEN, has been shown to reduce hepatic lipid accumulation and improve insulin sensitivity in animal models, and represents a promising new therapeutic strategy for treating type 2 diabetes [10] . Currently, metformin is widely used as the first line pharmacotherapy for treating type 2 diabetes. It is effective in reducing hepatic glucose production though mechanisms of action still inconclusive. It is critically important to address experimentally the potential drug-drug interaction between the mechanisms represented by NEN and by metformin, as in future clinical trials most type 2 diabetes patients would have been on metformin medication.
In the present study, we firstly examined the potential drug-drug interference in HFD-induced diabetic mice and db/db mice with treatment with either NEN or metformin or the combination of the two compounds. Our data firstly show that the co-treatment does not alter the exposure of NEN or metformin as compared to each was administered alone, which suggests co-administration of one drug does not significantly affect the absorption, metabolism and excretion of the other drug. In addition, we did not observe any drug-drug interaction in the blood glucose lowering effect between NEN and metformin in the animal studies. When compared to the NEN treatment alone, a combinatory application of NEN and metformin elicit a slight improvement in reducing blood glucose level, hepatic fat accumulation, as well as liver damage as indicated by decrease of plasma ALT and AST levels. These data suggest that the mechanism of mild mitochondrial uncoupling induced by NEN does not interfere with the mechanism of action of metformin, which works mainly through inhibition of hepatic production of glucose. Mitochondrial uncoupling increases the consumption of acetyl-coA and intermediates of the Tricarboxylic Acid (TCA) cycle, which are potential substrates for hepatic gluconeogenesis; therefore, it is possible that NEN treatment alone might also have an impact on . 07 . hepatic glucose production. This might explain why the combinatory treatment does not exhibit a synergistic effect but only a slight additional effect. Consistent with our previous report, NEN is very effective in reducing hepatic fat accumulation and exhibits excellent activity of controlling blood glucose in the diabetic animals. At the dosages tested in the present study, NEN is much more effective in treating insulin resistance and hyperglycemia than metformin. In addition, oral NEN almost completely stopped the body weight gain in the mice which were still feeding the HFD, even though the food intakes of these NEN treated mice were slightly increased. Another recently published study reported that niclosamide has an anti-obesity effect in HFD-fed mice [21] . In the study, the free base niclosamide was used and a slight reduction in food intakes was noticed in the mice. In previous studies, metformin was also found to cause reduction of body weight gain and HFD intake in HFD-fed mice [22] , however metformin were used at very high dosages (150, 300 mg/kg, p.o.). In patients with type 2 diabetes and obesity, oral metformin induces small weight losses at the beginning of the treatment [23] , but the patients gradually regain the lost weight over the 10-year follow-up period [24] . The divergence of these observations might be related to the different dosages used in the studies, or the intrinsic difference between human and mouse models.
Clinical pharmacokinetic studies show that the therapeutic levels of metformin in patients are within 500 to 2,000 ng/ml range [25, 26] . Some previous animal studies have used metformin doses ranging from 250 mg/kg.day to 500 mg/kg.day, leading to plasma metformin concentrations higher than 1 mM (>100,000 ng/ml) [20] , which can never be achieved in clinical therapies. A dosage of 75 mg/kg.day, which gives the plasma and hepatic metformin concentrations within the therapeutic ranges observed in human patients, represents a physiologically and pharmacologically relevant condition [27, 28] . At this dose, we found that metformin is effective in reducing blood glucose, but does not decrease hepatic lipid content or body weight. Some previous studies indicated metformin ameliorates hepatic steatosis in mice [29, 30] , but clinical data showed metformin does not affect liver fat content [31, 32] . Again, the divergence of the observations in animal studies and in patients might be related to the intrinsic difference between human and mouse models.
In summary, we showed in mice that oral NEN administration does not interfere with the treatment with metformin. Based on the animal studies in this report, it is unlikely that the combinatory treatment will cause drug-drug interaction in patients due to the pharmacokinetic interaction or the mechanism of actions between the two compounds. Moreover, the combinatory treatment may result in potential additional beneficiary effects in improving blood glucose, improving hepatosteatosis, and reducing liver damage in patients.
